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Genetic  improvement  of  crop  yields  under  potential  (Yp)  and  water  scarce  conditions  (Yw)  will  be an
important  avenue  to  improved  food  security  over  the next  four decades,  at  the  end  of which  projected
demand  for  food,  feed  and  biofuel  feedstock  is  expected  to  level  out.  Current  measured  relative  rates  of
improvement  in Yp  and  Yw  for  the  three  main  cereal  crops  (maize,  wheat  and rice)  in  many  cropping
systems  in  the  world  are  mostly  well  below  the 1.16–1.31%  y−1 rates  required  to meet projected  demand
for  cereals  in  2050.  These  relative  rates  can  be expected  to fall further  if the current  absolute  rates  of  yield
improvement  continue  unchanged  and/or  the  current  indications  of  stagnation  in  yield improvement
for  some  crops  in  some  regions  of  the  world  become  widespread.  This  review  assesses  the  available
evidence  for  unexploited  opportunities  for enhancing  current  rates  of  genetic  improvement  for  Yp and
Yw,  and  examines  some  substantive  proposals  for  achieving  the  same  end  through  genetic  engineering
of  photosynthesis,  above-ground  ideotype  design,  and  improvement  of  root  capacity  for  water  uptake.
Because  time  is  of the  essence,  special  attention  is  paid  to  the  time  scales  required  to  progress  potentially
useful  traits  through  to proof  of  concept  under  ﬁeld  conditions,  from  there  to farmer-ready  cultivars,
and  for  widespread  adoption  by farmers  of the  improved  cultivars.  The  requirements  of breeders  for
inclusion  of  potentially  important  traits  into  the  conventional  breeding  process  are  outlined  and  the  value
of  molecular  breeding  tools  as  aids  to genetic  improvement  of simple  and  complex  traits  is  considered.
Intellectual  property  and  regulatory  requirements  are  taken  as  additional  potential  drags  on the  rates  of
adoption  into  the breeding  process  of useful  traits  and/or  to the  free ﬂow  of  information  between  research
teams.  Main  conclusions  are:  (a)  there  are  some  unexploited  opportunities  to improve  Yp  or Yw  in  some
crops  and/or  cropping  systems;  (b)  exploitation  of  these  opportunities  could  be hastened  by  increasing
funding  for  focussed  research  and  by  identifying  and  eliminating  or  reducing  drags  at  various  stages  of
the  idea  to farmer-ready  cultivar  chain;  (c)  the  time-scales  required  for  major  improvements  in  yield
in  farmer-ready  cultivars  through  genetic  engineering  or ideotype  realisation  are  likely  to  be measured
in  decades  rather  than  years;  (d)  current  and  expected  future  relative  rates  of progress  in Yp and  Yw
are  a matter  of  real  concern  and  are  insufﬁcient  to meet  projected  demand  for  cereals  by  2050.  Possible
step  changes  in  Yp  or Yw  powered  by  genetic  improvements  such  as  exploitation  of  hybrid  vigour  in
rice  or  hypothetical  successes  in  the genetic  engineering  of photosynthesis  are  unlikely  to change  this
outlook.  The  pessimistic  assessments  embodied  in  the  last  two  conclusions  should  not  obscure  the  fact
that  without  continued  investment  in the  search  for sources  of  genetic  improvement  and  development
of  aids  to  breeding,  the  unmet  demands  for cereals  in  2050  will be  even  greater.Abbreviations: ASI, anthesis-silking interval; CID, carbon isotope discrimina-
ion;  GxExM, genotype by environment by management interaction; GM,  genetic
odiﬁcation; HI, harvest index; IP, intellectual property; NPT, new plant type; QTL,
uantitative trait loci; RUE, radiation use efﬁciency; WUE, water use efﬁciency; Yp,
otential yield; Yw,  Water-limited yield.
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1. Introduction
1.1. Context
Estimates of world population for 2050 are in the order of
nine billion people (Lutz and KC, 2010) resulting in an increased
Open access under CC BY-NC-ND license.demand for food and feed. Additional weighty drivers of demand for
food and feed grains over the next four decades include improved
standards of living in many developing nations (Koning et al.,
2008; Cirera and Masset, 2010), policy initiatives aimed at reducing
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urrent levels of malnourishment (Bruinsma, 2009), and govern-
ent policies that encourage the use of biofuels derived from grains
Fischer, 2009a). Estimating the impacts of these drivers on demand
or grain and food by 2050 is a complex task hemmed in by uncer-
ainties, but detailed analyses suggest that an increase (with respect
o 2006 values) of the order of 49% for cereals (Bruinsma, 2009) will
e required to meet expected demand. Estimates of use of cereals as
eedstock for ﬁrst generation biofuels are even harder to formulate,
ut Fischer (2009a) has estimated (for scenarios that appear rea-
onably likely) that an extra amount (over and above that required
or food and feed) of between 163 Mt  and 363 Mt  y−1 will be needed
or 2050, equivalent to an additional increase in global demand for
ereal grains of between 9% and 19% at that time. Meeting these
emands for cereals would require global harvests to increase at
nnual compound rates of 1.16% y−1 (lower biofuel requirement
stimate) or 1.31% y−1 (upper biofuel requirement estimate) from
ow until 2050.
There  is a developing, albeit broad, consensus within the scien-
iﬁc and policy-making communities that only a small proportion of
he required increase in food production can come from expansion
f the area that is currently cropped (Koning et al., 2008; Bruinsma,
009). Limited availability of currently unexploited agriculturally
uitable soils (Smith et al., 2010; Fischer, 2009a), a growing appreci-
tion of the magnitude of the release of CO2 from soil organic matter
hat inevitably attends the conversion of grassland or forest to crop-
ing (Spink et al., 2009; Searchinger et al., 2008), a strong desire
o preserve hitherto untouched portions of important ecosystems
uch as tropical rainforest, and a realisation of the dangers inher-
nt in expanding agriculture to fragile ecosystems (Cassman et al.,
003) are important elements in this developing consensus. Addi-
ionally, it is expected that there will be losses of good quality
gricultural soil for urban development and other non-agricultural
ses (Satterthwaite et al., 2010; Smith et al., 2010). Finally, there
s a growing realisation that opportunities for expanding irriga-
ion (a key factor in the increases in food production over the last
0 years) are limited and that in at least some production systems
ater currently used for irrigation will have to be reduced to favour
ther uses such as industrial or urban consumption (Strzepek and
oehlert, 2010). A hard to quantify factor which may  impact on food
roduction in the immediate future is the reduction in inputs used
y farmers in developed countries, either because of increased rela-
ive prices for fertilisers or because of regulatory restrictions aimed
t reducing losses of reactive nitrogen from ﬁelds into the broader
nvironment. Berry and Spink (2006) have suggested that changes
f this nature may  be operating in determining an increasing yield
ap between farmer and potential yields for oil seed rape in the UK,
nd Brisson et al. (2010) include this factor as a possible explanation
f yield stagnation for wheat in France.
The above analyses lead to the conclusion that most of the
ncreased food production over the next four decades will have to
e achieved through increased crop yields on currently exploited
gricultural soils. In some developing countries, especially in Africa,
here is considerable scope for improving yields through applica-
ion of well-understood technologies such as fertilisation (Cooper
t al., 2008; Tittonell et al., 2008) but effective implementation of
his strategy will also require considerable off-farm changes such
s infrastructure improvement, increased availability of inputs for
griculture and effective markets for agricultural produce, as well
s diffusion of know how and a reduction of risk aversion among
armers. Successful realisation of the “Africa option”, of itself, would
ot sufﬁce to cover the required increase to 2050 and would, nec-
ssarily, take decades to complete.There has been some considerable debate in the literature as to
hether current rates of yield improvement will sufﬁce to meet
he increased demand for 2050. This debate has several dimen-
ions, including spatial measurement scale (i.e., global vs. country Research 143 (2013) 18–33 19
vs.  region), crop species (e.g., wheat vs. rice vs. maize), and bench-
mark used (i.e., farmer yields derived from national or regional
statistics, historical yield trial data, side-by-side comparisons of
cultivars released at different times in the past, and crop simu-
lation modelling) and conclusions reached are strongly dependent
on scale, crop species, approach used and country involved. Further
important dimensions of this debate are whether yield progress
shows signs of plateauing and whether the relative rates of increase
observed in crops and regions in which yields are increasing are
sufﬁcient to meet the 1.16–1.31% y−1 compound rates needed to
satisfy projected demand in cereals for food, feed and biofuels for
2050 (Bruinsma, 2009; Fischer, 2009a). In wheat (Calderini and
Slafer, 1998; Acreche et al., 2008; Brisson et al., 2010; Graybosch
and Peterson, 2010; Cassman et al., 2010; Mackay et al., 2011)
and rice (Peng et al., 1999) or in both crops (Cassman et al., 2010;
Fischer and Edmeades, 2010), there is strong evidence that, at least
in some countries (regions) of the globe, yield is plateauing and/or
relative rates of yield progress are falling below 1.16% and can
be expected to fall further if current trends persist. For maize,
and particularly in the US, the situation is somewhat less clear.
Some analyses (e.g., Phillips, 2010, country wide data; Fischer and
Edmeades, 2010, Iowa) suggest continued increases in farmer yield.
On the other hand, Grassini et al. (2011), who  focus on irrigated high
yield environments in Nebraska, present data that indicate farm
yields are approaching or have reached their economic upper limit,
quite close to simulated potential yield values. It also needs to be
noted that Fischer and Edmeades (2010) estimated a relative rate
of progress in potential yield for maize in Iowa of 1% y−1 (just out-
side the range of 0–0.9% y−1 they estimate for wheat and rice), and
Cassman et al. (2010) suggest a yield plateau may be developing
for irrigated maize in the US. The hard truth emerging from these
different approaches, scales and crops is that the vast majority of
data indicate relative rates of potential yield progress fall below the
necessary exponential rate required to meet projected demand for
2050 and, in a worrying number of countries and regions, that there
is strong evidence of yield plateaus. Some authors (e.g., Jaggard
et al., 2010; Ewert et al., 2005) have assumed that current relative
rates of yield progress, as derived from linear functions ﬁtted to
historical yield data and estimated for the end point of their data
series, will be maintained in the future. This seems unlikely, even in
the absence of insuperable biophysical limitations. A continuation
of current linear trends in yield progress are, almost certainly, the
best possible outcome, and this implies a continuously decreasing,
rather than a constant relative rate of yield progress.
The routes to the achievement of increased and sustainable
global food security by 2050 are several (e.g., Godfray et al., 2010a,b
suggest ﬁve) and include genetic improvement for grain crop yield
potential in unstressed environments (Yp) and for water-limited
yield potential in dryland (rainfed) environments (Yw). In this
paper we  attempt to assess the current status, opportunities and
requirements for progress and its veriﬁcation in both Yp and Yw,
paying particular attention to likely timescales. We  concentrate on
the most important cereals (maize, rice, wheat) because of their
dominant contribution to current and likely future global food, feed
and biofuel requirements.
1.2.  Genetic improvement of yield
Breeding is at the heart of any process aimed at improving
Yp or Yw,  and is currently undergoing a rapid expansion of the
technical options available to progress any given set of aims,
including Yp and Yw.  Consequently, we give due consideration
to the nature and practical requirements of breeding processes
aimed at achieving farmer-ready cultivars with improved Yp or
Yw. Genetic improvement may  be further enhanced by new or
improved traits made available through genetic engineering or the
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ining of existing genetic variability. The identiﬁcation of these
raits and the importance of them should be assessed by whether
hey ﬁt into frameworks that are appropriate to the improvement
f either Yp or Yw, so we make some attempt to deal with this
ssue. With the 2050 deadline and germplasm development and
reeding timescales very much in mind, we have used some pub-
ished estimates of the likely time required to improve, via genetic
ngineering, the photosynthetic capacity of crops to illustrate this
spect of the road ahead. In a similar vein, we have documented the
ime required, in the past, to progress some ideas or discoveries of
raits related to improved Yw up to the proof of concept or cultivar
elease stages. Time is also required for improved cultivars to be
idely adopted by farmers, and we brieﬂy touch upon this issue.
The  range of traits that have been suggested as possible con-
ributors to the improvement of either or both of Yp and Yw is
ery large, and we make no attempt at comprehensive coverage
f these suggestions. Instead, we have used, as examples of the
ifﬁculties that must be faced, two particular processes which we
elieve are potentially very important and, at the same time, con-
titute very large challenges for progress to improved yields. Firstly,
mprovement of photosynthetic capacity for both non-stressed and
ater-limited conditions, and secondly, improvement of root sys-
em capacity to capture water in dry environments.
We recognise that the degree of success that might be achieved
n Yp and Yw will be affected by climate change, especially via
hanges in atmospheric CO2 and O3 levels, mean temperatures and
requencies of episodes of heat and water stress (Gornall et al.,
010). These features of climate change will impact on issues such
s sowing dates and crops best suited to particular environments;
nd current rates of progress (or lack thereof) estimated for C3
ereal crop yields across the world include some degree of response
o changes in temperature and CO2. The knowledge base underpin-
ing attempts to predict possible effects of changes in atmospheric
O2 and O3 levels on crop productivity (e.g., Fischer, 2009a; Jaggard
t al., 2010) is limited (Gornall et al., 2010), as is the case for
cute or chronic changes in temperature (cf. Hall and Sadras, 2009).
reeders and farmers have, in the past, been successful in opti-
ising their activities over broad spatially determined ranges in
nvironmental conditions (Cooper et al., 2008). Effects of climate
hange will develop slowly over time, so business-as-usual genetic
mprovement and gradual adaptation of farming systems are likely
o handle these effects successfully. In this review we do not deal
ith the possible effects of climate change on genetic improvement
or Yp and Yw.
.  Genetic improvement of yield potential
.1. Rates of Yp increase: current status
Any assessment of the prospects for genetic improvement needs
o consider what are the current rates of increase in Yp. In what fol-
ows, we consider this issue in the context of some of the available
mpirical (i.e., not theoretical) evidence pertaining to crop species
s we know them today, that is, without the possible beneﬁts of bio-
ngineered photosynthesis. Rather than a comprehensive review,
e have concentrated on the main cereals but have, on occasion,
ad recourse to other crops. Available empirical evidence paints
ifferent pictures for each of the main cereals and highlights the
act that the quality of the evidence varies between cereals.
Duvick  and Cassman (1999) examined evidence from various
ources (including side-by-side yield comparisons of maize hybrids
eleased at different times in rainfed trials, trends in average yields
or Iowa and Nebraska, irrigated yield contest results in the same
tates), and came to the conclusion that while there was evidence
or continued increases in Yw, there was no substantive indication Research 143 (2013) 18–33
of  improvement in Yp of maize hybrids used in the region in the
15 years preceding 1999. Cassman et al. (2010) found an incipient
plateau in irrigated maize yields for the western Corn Belt and Great
Plains states for the 2002–2008 period, and Grassini et al. (2011)
report that model simulations for mean yields of current maize
hybrids under optimum water and nitrogen availability in Nebraska
are of the order of 17.5 t ha−1 over the 1988–2008 period, not very
different to the mean of 18.2 t ha−1 reported by Duvick and Cassman
(1999) for irrigated contest-winning yields in the same state for
1983–1997. Messina et al. (2009) provide data that suggest that
under full irrigation the yield of maize in a target population of
environments was  increasing at 0.79% y−1 in 2007, although other
less optimistic interpretations of their data are also possible. Taken
together, this evidence suggests that Yp of maize under intensive
irrigated farming in the US has either not changed over the last
two decades or is increasing at a rate insufﬁcient to meet expected
demand.
Estimates of yield potential for maize in other regions of the
world are hard to come by (cf. Fischer and Edmeades, 2010). How-
ever, Luque (2000) compared yields of 7 maize hybrids, released
between 1965 and 1997 in Argentina, in side-by-side experiments
under irrigation and a range of crop population densities over 2
years. Average yields at crop population densities of 9 pl m−2 (none
of these hybrids exhibited negative yield responses at this popu-
lation density) increased steadily with year of release from 7.4 to
14.8 t ha−1. These increases were associated with longer times to
anthesis, greater stay green, greater anthesis RUE, improved par-
titioning to the ear around ﬂowering, shortened anthesis-silking
interval, and better grain set. It may  also be important that over
the period in which these hybrids were released (almost exclu-
sively for use in rain-fed agriculture) there was a continued process
of introgression of US dent germplasm into the ﬂint germplasm
that used to characterise Argentine maize and a shift from dou-
ble hybrids to single hybrids (Luque et al., 2006). Although this
result from Argentina is a single example it suggests that, at least
in some maize-producing regions of the world, there may  be some
remaining scope for improving maize Yp.
The standard way of determining relative rates of genetic
improvement is to grow historic sets of varieties side by side and to
control pests and diseases so as to assess true genetic differences
in grain yield, although recent statistical advances in the analy-
sis of unbalanced data sets has also been very important (Smith
et al., 2005; de la Vega and Chapman, 2010) and may  provide an
alternative route that avoids the effects of loss of yield potential
of cultivars with time from year of release, as has occurred in rice
(see below) and sunﬂower (de la Vega et al., 2007). Yield poten-
tial in irrigated spring wheat, as determined in experiments in the
Yaqui Valley in Mexico, was  increasing at 0.3% y−1 in 2005 (Fischer
and Edmeades, 2010; Sayre et al., 1997). However, in the warmer
environment of Tlatizapán, yields were less than half those of the
Yaqui Valley and showed little tendency to increase in cultivars
released after 1966 (Reynolds et al., 2000). At both sites there was
evidence that higher yields were associated with higher stomatal
conductance, lower canopy temperature and greater photosynthe-
sis (Fischer et al., 1998; Reynolds et al., 2000). Historic set studies
on irrigated winter wheats from different periods in the main win-
ter wheat regions in China (Zhou et al., 2007; Xiao et al., 2012) have
demonstrated mean relative rates of yield increase of 0.68% y−1
and 0.75% y−1, estimated at the year of release of the most recent
cultivar.
The most comprehensive data sets for wheat are from the UK
where environments are very favourable for temperate species
as there is generally adequate rainfall and the season is mild, so
that results from rainfed trials may  serve, in most years, as an
approximation to true yield potential. In the UK national trials
are conducted annually contrasting the latest cultivars. These have
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omplete pest and disease protection and agronomic advances can
e separated from improvements due to genetics. Data from rainfed
ariety trials in the UK and France show consistent upward trends
n yields (Spink et al., 2009; Jaggard et al., 2010; Brisson et al., 2010).
ackay et al. (2011) conducted a comprehensive analysis of genetic
ain in winter wheat in the UK since 1947 which involved 3590
ite-year combinations. They found a linear rate of yield increase
f 69 kg ha−1y−1 between 1948 and 2007, a value that translates
nto a relative rate of 0.76% y−1 in 2007. They also found that since
982 at least 88% of improvement in yields across a range of species
ould be attributed to genetic improvement. Studies on varieties
eleased in the UK after 1990, which led to an estimated relative rate
f genetic gain of 0.59% y−1 (Fischer and Edmeades, 2010), showed
hat the increase in yield has been associated with greater above-
round biomass accumulation, greater pre-anthesis RUE and higher
tem water-soluble carbohydrate content at anthesis (Shearman
t al., 2005). In spite of the fact that water stress is neither fre-
uent nor intense in the UK, some caution needs to be exercised
n assigning the observed yield trends in rain-fed yield trials exclu-
ively to increased yield potential, leaving aside an improved stress
olerance component, as suggested for maize in the US (Duvick and
assman, 1999) and by Sadras and Lawson (2011) for rainfed wheat
n the harsher environment of South Australia. Experiments under
rrigation would be helpful in clarifying this uncertainty.
Improvements in yield must come from either increases in crop
iomass or harvest index (HI) or from a combination of both of
hese. Many studies on historic wheat sets up to the 1980s failed
o show any increase in crop biomass and the main increases
ere attributable to an increase in HI (often as a result of earlier
owering). Furthermore, grain number per unit area is the yield
omponent that has been responsible for this increase and there
as been little change in kernel weight. However, in the most recent
tudies on historic data sets in the UK, China, Mexico and Australia
referenced above) there is increasing evidence that increases in
rop biomass are beginning to contribute to increased wheat yields.
A careful study aimed at establishing genetic gain in inbred
ndica rice cultivars in the Philippines (Peng et al., 1999, 2000, 2010),
sing side-by-side trials of cultivars released at different times after
968, indicates that there has been no progress in potential yield.
ather, breeders efforts have served to maintain a yield potential
quivalent to that of the earliest cultivar (IR8, released in 1968,
nd which currently yields a good deal less than at the time of
ts release) in the face of some evolving (and, as yet, unidentiﬁed)
iotic or abiotic challenges. Ideotype-based approaches, backed by
valuation of reputed traits of interest using simulation modelling
e.g., Aggarwal et al., 1997), have been used in attempts to develop
ew plant type (NPT) inbred cultivars, but there appears to be little,
r no, realised gain in potential yield in these NPTs with respect to
arlier inbred cultivars (e.g., Yang et al., 2007). Horie et al. (2006)
emonstrated that grain yields across a set of nine inbred cultivars
ver 2 years were associated with canopy conductance, a ﬁnding
hich may  point to the existence of some exploitable genetic vari-
bility for yield, but this ﬁnding has not, to our knowledge, been
ested in a breeding program nor linked to genetic gain in rice Yp.
The yield advantage of hybrid rice is typically 10–15% more than
nbred cultivars (e.g., Peng et al., 1999; Yang et al., 2007; Bueno and
afarge, 2009; Lafarge and Bueno, 2009; Bueno et al., 2010; Li et al.,
009a). This advantage has been enough to overcome the economic
imitations imposed by the greater (with respect to inbreds) annual
eplacement cost of seed. Hybrid rice now covers close to 60% (mean
or 2004–2008) of the area sown to rice in China (Li et al., 2009a),
nd the area is also expanding, albeit at a slower rate and from a
uch lower base, in south-east and south Asia (Janaiah and Xie,
010). Li et al. (2009a) provide data which show that commercial
ybrid rice yields have been growing at a steady 46.4 kg ha−1 y−1
ver the last 25 years (i.e., relative rate of yield advance of 0.64% y−1 Research 143 (2013) 18–33 21
for 2008). In a comparison involving sets of four hybrids and four
inbreds over two  seasons, Bueno and Lafarge (2009) found mean
hybrid biomass at harvest and mean hybrid HI to be greater than
the corresponding values for inbred lines.
Annual replacement cost of seed is especially important in crops
such as rice and wheat, which are sown at a much higher crop pop-
ulation density than species such as maize and sunﬂower in which
the introduction of hybrids has been an effective route to increased
yield. In contrast to rice there is negligible hybrid wheat grown
commercially despite the large private investment in global breed-
ing. In a comparison of hybrid and pureline entries in performance
nurseries conducted over 20 years in the southern Great Plains of
the US the average yield advantage of the wheat hybrids was about
5% (Koemel et al., 2004). It is likely that the seed production and
breeding costs are still not competitive with pureline varieties in
wheat.
In summary, empirical evidence for inbred tropical rice and
hybrid maize in environments in which intensive agriculture is
practiced and important breeding efforts have been made, strongly
suggests that there has been little or no change in Yp over the
last few decades. There may  be opportunities to increase maize
Yp in some regions of the world thanks to introgression of pre-
viously unused germplasm, but further research on this issue is
required. Genetic improvement of yield potential of inbred tropical
rice seems to have plateaued, although hybrids may  offer a one-off
step-increase. Finally, the difﬁculties in realising the expected yield
advantages of NPT rice may  constitute an illustration of the difﬁcul-
ties that must be overcome in ideotype-based approaches to yield
improvement. In contrast to maize and rice, there is a fair amount
of evidence consistent with a continuing increase in Yp in wheat.
However, current rates of progress in this crop, measured in a range
of environments across the world, are consistently lower than that
of the 1.16–1.31% y−1 that would be required to meet projected
demands for 2050.
2.2.  Suggested options for future increases in Yp
Suggested responses to the challenge of increasing yield to meet
the 2050 deadline vary considerably in focus and in degree of detail.
Some are very generic and, very importantly, often lack time scales
for implementation (e.g., Phillips, 2010; Zhang, 2007; Dunwell,
2011) and receive no further attention here.
Other proposals to increase Yp, which might be termed top-
down or from crop-to-attribute (e.g., Sylvester-Bradley et al., 2005;
Berry and Spink, 2006; Spink et al., 2009), are based on cur-
rent understanding of the ecophysiology of crop radiation capture,
the efﬁciency with which captured radiation is transformed into
biomass and the proportion of that biomass converted into grain
(i.e., the Monteith (1977) framework), and attempt to design ideo-
types that would be able to capture more resources and channel
them to yield. Others (bottom-up, or process to crop) focus more
narrowly on bio-engineering the photosynthetic process (Murchie
et al., 2008; Zhu et al., 2010; Hibberd et al., 2008; Furbank et al.,
2009). Still others have a broader remit and seek to cover the full
spectrum of the bottom-up and top-down approaches, expand-
ing these to include the use of genetic resources from related and
unrelated species (Reynolds et al., 2011; Parry et al., 2011; Foulkes
et al., 2011; Spink et al., 2009). Taken together, these proposed
frameworks lay out the complexity of the challenges that need
to be overcome in order to accumulate the desired traits in elite
breeding material that is reasonably free of linkage drag and which
might be used to diffuse these traits into locally adapted cultivars
fairly quickly. Importantly, several of these contributions attempt
to establish possible time-frames for achieving their various tar-
gets (e.g., Zhu et al., 2010; Spink et al., 2009; Reynolds et al., 2011).
Spink et al. (2009) suggest 5- to 15-year periods might be needed
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o improve such traits as delayed canopy senescence, early canopy
losure and earlier stem extension in wheat; and bioengineering
f photosynthesis might take between 5 and 30 years (see Section
.3).
We believe that some degree of caution is warranted with
espect to the possible time frames referenced above. Reasons
or caution include limited success and slow rates of progress
n past attempts to improve crops for some physiological traits
e.g., Richards, 2006). Slow rates are mainly attributed to the time
equired to develop fast and effective selection methods, develop
ppropriate breeding germplasm and then produce sufﬁcient seed
f contrasting lines to obtain proof of concept in the ﬁeld. Further
evelopment will then be dependent on plant breeders having the
esources, time and commitment to integrate the physiological trait
nto genetic backgrounds that are likely to be adopted by industry.
uring this time breeders will need to deal with possible trade-
ffs between traits and matching trait to speciﬁc environments
i.e., managing genotype by environment interactions). All of these
easons point to longer terms for the achievement of some useful
mprovement in farmer-ready cultivars with greater Yp.
.3.  Photosynthesis: the big bazooka in the Yp game?
Here we consider the prospects and likely time scales for
mproving yield potential via bioengineering of photosynthesis
n C3 crops and/or exploitation of currently available sources of
enetic variation for photosynthetic traits. Photosynthesis is the
bvious process to consider given that any improvement in it
ould translate to other crops and to most if not all environments.
mprovements in photosynthesis have the potential to translate
o higher yields under favourable conditions through improved
UE and also under water-limited conditions through improved
ater-use efﬁciency (WUE). Despite breeding efforts world-wide to
mprove grain yield of all our crops there is only limited evidence to
uggest that breeding has increased photosynthesis. Most increases
n yield of our main crops achieved by breeding since around 1900
ave been due to increases in HI (Fischer and Edmeades, 2010).
aize may  be an exception here as the increase in maize yield
n southern Canada between 1959 and 1988 was due to greater
iomass and an extended period of photosynthesis after ﬂowering
Tollenaar, 1991). Although clearly photosynthesis has increased
ver time, mainly as a result of improved or extended seasonal
adiation capture; increased amounts of nitrogen fertiliser applied
o crops has greatly contributed to this as well.
Other factors contributing to the importance of improving pho-
osynthesis include: (a) the likelihood that fertiliser use in high
roduction systems has already been optimised, and (b) that CO2
nrichment experiments in the ﬁeld demonstrate that increas-
ng photosynthesis translates to higher grain yields (Long et al.,
006). Several recent papers (Parry et al., 2011; Zhu et al., 2010;
urchie et al., 2008) have comprehensively reviewed the prospects
f improving photosynthesis or have focused on the subplot of
onversion of the photosynthetic carbon ﬁxation process from its
3 to its C4 variant (Hibberd et al., 2008; Furbank et al., 2009).
ollectively, they lay out a very broad range of approaches of vary-
ng complexity aimed at increasing crop biomass production (and
ence yield) that span the mining of existing germplasm for traits
uch as staygreen and spike photosynthesis through to very com-
lex bioengineering of both the biochemical and photochemical
hases of photosynthesis and of its associated processes (e.g., pho-
orespiration).
Transgenic approaches aimed at C3 to C4 conversion at bio-
hemical and anatomical levels and changes in Rubisco properties
re obviously the most difﬁcult to achieve. Here, we  do not go over
his ground again, but focus on the complexities associated with
he various approaches, as perceived by these authors, and the Research 143 (2013) 18–33
timescales  which have been suggested for achieving the various
goals (e.g., Table 1 in Murchie et al., 2008, Table 2 in Zhu et al., 2010;
and Table 2 in Parry et al., 2011). Perhaps the ﬁrst thing that needs
to be said is that the attempts made in these papers to categorise the
proposed approaches according to their degree of complexity and
possible impact and, in two  of them, to suggest time scales for real-
isation of the various goals is a very welcome change from generic
calls to action to bioengineer photosynthesis or naive claims of the
potential importance for global food security of the elucidation of
one piece of the photosynthetic process jigsaw puzzle.
In  the context of this review, it is important to highlight the
fact that estimates of the predicted impact of the various proposed
changes in the photosynthetic processes on crop carbon assimila-
tion are mostly in the 5–30% range and time required to achieve
success in these assorted objectives from 5 to 20 years. Not sur-
prisingly, there are some differences in forecasts between authors.
Thus Zhu et al. (2010) predicts the impact of Rubisco with low or
nil oxygenase activity and the C3 to C4 conversion in the order of
30% while Parry et al. (2011) suggest 100% for the ﬁrst and 50% for
the second, and increased mesophyll conductance is suggested to
require 20 y with high investment by Zhu et al. (2010) but only 5 y
by Parry et al. (2011). Zhu et al. (2010) caution that 10–20 addi-
tional years may  be needed to incorporate any successful changes
into farmer-ready cultivars; but Parry et al. (2011) suggest that 5 y
might be needed to mine existing germplasm for useful traits and
introgress them into wheat lines available for ﬁrst crosses in breed-
ing programs. These timescales would seem very optimistic for food
crops even for relatively simple traits (see, this section and Section
3.4).
The whole issue of strategies for improving photosynthetic per-
formance of crops through bioengineering of the basic processes
of carbon ﬁxation is, of necessity, rather speculative. However,
the complexity of the challenge is clearly very great and the time
needed to achieve progress (in the form of farmer-ready cultivars)
will likely be in the order of 20–30 y for changes that could sig-
nify improvements in photosynthetic performance of C3 crops of
15–30%, always providing that realisation of these bioengineering
goals does not bring into play unconsidered trade-offs that often
complicate the transition in scales from process to crop (Sinclair
et al., 2004; Passioura, 2010).
A further, often unconsidered, dimension of the challenge to
improving grain yields through improved crop photosynthetic per-
formance is the time required for new cultivars to be widely
adopted. These intervals can vary considerably with crop and con-
text. Glyphosate-resistant soybean covered practically the whole
of the production area of this crop in Argentina in 5 years (Vara,
2004); reaching the current ca. 60% coverage of the rice production
area in China with hybrid rice took 15 years (Li et al., 2009a); and
spread of GM corn in the US from 1994 onwards took place at a
linear rate of 5.8% of sown area per year (Phillips, 2010).
To  highlight the magnitude of the challenges that need to be
overcome in order to raise Yp to the levels required to meet demand
expected for 2050, we performed a simple exercise involving wheat
and rice, C3 species which might be expected to respond posi-
tively to successful bioengineering of the photosynthetic process.
The assumptions underlying these projections are outlined in the
legend of Fig. 1. Unsurprisingly, projected yields of the two crops, at
current linear rates of yield increase, lag further and further behind
demand as time from 2010 increases, the lag for rice being much
worse than wheat (Fig. 1). By contrast, the sobering conclusion of
these back-of-an-envelope speculations about the possible impact
of improvements in photosynthesis, is that for rice, even the combi-
nation of a 30% step change in yield, with a 15 y delay in producing
a farmer-ready cultivar, and full adoption in 5 y would only serve
to meet projected maximum (i.e., at 1.31% y−1 rate of increase)
demand between 2028 and 2030 (Fig. 1). All other combinations,
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Fig. 1. Possible 2010–2050 Yp trajectories for wheat and rice in relation to projected demand. Curves in each panel show required Yp assuming required compound rates
of  yield increase of 1.31% y−1 (upper curve) and 1.16% y−1 (lower curve) (cf. text Section 1). Continuous dashed line in each panel shows expected yield trajectory assuming
current linear rates of yield increase (68 kg ha−1 y−1 for wheat [Mackay et al., 2011], 0 kg ha−1 y−1 for rice [Peng et al., 2010]) and initial (2010) values of 9 t ha−1 y−1 for
wheat (Mackay et al., 2011) and 10 t ha−1 y−1 for rice (Bueno and Lafarge, 2009; Peng et al., 2010). Superimposed on the above three lines are estimated trajectories resulting
from introduction of farmer-ready cultivars incorporating large (30%, full circles) and moderate (10%, full triangles) increases in crop photosynthetic capacity (Zhu et al.,
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he  y-axis). After complete adoption, current linear rates of yield progress are assum
lthough leading to improved yield over time, would be insufﬁ-
ient to meet projected demand at any time from now to 2050. For
heat, and with one exception, the only combinations of factors
eading to satisfaction of projected maximum demand over two  or
ore decades were a 30% step change in yield and a 15 y delay in
btaining farmer-ready cultivars (Fig. 1). The exception was that a
0% step change after 30 y, combined with full adoption in 5 y is
rojected to meet demand between 2043 and 2048.
.  Genetic improvement of water-limited yield potential
.1.  Rates of improvement in Yw: current statusThe question of whether there has been genetic improvement
n Yw can be viewed from at least two different viewpoints. Firstly,
rom sustained increases in yields over time, demonstrated either
n side-by-side rainfed trials under standard management or inhand panels) or 30-y (right-hand panels). For each of the two step changes in crop
ption in 5 y (line closer to the y-axis) and 100% adoption in 15 y (line furthest from
 continue unchanged.
rainfed  yield contests (e.g., Duvick and Cassman, 1999; Shearman
et al., 2005; Sadras and Lawson, 2011), and secondly from variety
trials conducted under rainfed conditions over extended periods of
time (e.g., Spink et al., 2009; Jaggard et al., 2010; Brisson et al., 2010;
Mackay et al., 2011). Fischer and Edmeades (2010) suggest that
breeders have been successful in raising Yw for both maize in Iowa
and wheat in France, the UK and Australia, but the same appears
not to apply to rainfed wheat in the Great Plains of North America
(Graybosch and Peterson, 2010) or in Spain (Acreche et al., 2008).
Estimates of recent rates of progress in Yw for wheat in areas for
which improvement has been demonstrated are close to 0.54% y−1
(compilation of side-by-side trial data for Australia by R. Fischer,
2009b), 0.87% y−1 in France (variety trial data, Brisson et al., 2010)
and 0.50% y−1 (side-by-side trial data for South Australia, Sadras
and Lawson, 2011). Duvick and Cassman (1999) provide data which
suggests that improvement of Yw in rain-fed side-by-side compar-
isons for maize at optimum densities (i.e., those appropriate to the
year of release of the hybrids) of 0.68% y−1 (1992) and 0.81% y−1
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1989) for maize in Iowa. Messina et al. (2009) provide data suggest-
ng Yw for maize in a rain-fed target population of environments
n the US was improving at 0.61% y−1 in 2007.
A  second and complementary approach to the achievements
escribed above using conventional breeding revolves around con-
cious attempts to improve Yw using physiological or molecular
raits. A large number of putative physiological traits or black-box
ransgenes that might contribute to improved Yw have been pro-
osed, and a very few of these have actually been demonstrated to
e effective in the ﬁeld for wheat (Richards, 2006 and refs. cited
herein) and maize (Campos et al., 2004; Chimenti et al., 2002;
astiglioni et al., 2008; Bänziger et al., 2006). Passioura (1977, 2006)
roposed that crop performance under water scarcity could be use-
ully examined within a framework that envisaged yield as the
roduct of crop seasonal water use (WU), seasonal water use efﬁ-
iency (WUE) and HI. He further argued that acceptance of putative
raits that might contribute to greater yield under water scarcity
hould be conditional on the experimental demonstration that the
rait or gene construct in question operated through alterations
n one or more of WU,  WUE  and HI. Importantly, it has sometimes
een possible to link the effects of some of these physiological traits
o improvements in one or more of the elements of the Passioura
dentity, thus allowing a better appreciation of the mode of action of
 given trait and its likely appropriateness to speciﬁc seasonal pat-
erns of water availability and potential negative trade-offs. Thus,
n maize, selection using anthesis-silking interval (ASI) and other
raits improved HI (Edmeades et al., 1999, see Section 3.4), and
igher osmotic adjustment led to greater WU and HI (Chimenti
t al., 2002). In wheat, HI was improved by selection for narrow
ylem vessels, WUE  and HI were improved by selection using car-
on isotope discrimination (CID) (Richards, 2006, see Section 3.4),
nd higher osmotic adjustment led to improved WU,  WUE  and HI
Morgan and Condon, 1986).
Yield loss mitigation under water-scarce conditions in rice
especially important for upland, rain-fed, rice) has received less
ttention in recent years than in wheat and maize. Nevertheless, a
roject involving a large number of diverse lines grown under man-
ged stress environments has served to demonstrate the existence
f signiﬁcant genetic variability for yield loss mitigation under
rought (e.g., Laﬁtte et al., 2006, 2007), a fact which encourages
urther research on this issue. A large-effect QTL for yield under
rought during the reproductive stage in rice has been reported
n a study using a large number of F3-derived lines originating in
 cross between reportedly sensitive and tolerant lines (Bernier
t al., 2007), but the signiﬁcance of this is hard to discern because of
he confounding associations between this QTL and time to ﬂower-
ng and, hence, the congruence between the timings of stress and
owering (cf. Reynolds et al., 2009).
Overall, important messages emerging from the work described
bove are that opportunities, both past and future, have existed or
xist to increase Yw in wheat, maize and rice. In the past, these
ave been realised through selection for yield in rainfed multi-
nvironment trials conducted within speciﬁc target environments
e.g., Duvick and Cassman, 1999; Shearman et al., 2005; Spink
t al., 2009; Jaggard et al., 2010; Brisson et al., 2010; Sadras and
awson, 2011). Selecting for speciﬁc traits and yield in managed
election environments designed to mimic  the main features of sea-
onal water availability has also served to effectively advance Yw
Campos et al., 2004) or to demonstrate the existence of exploitable
enetic variability for water-scarce yield potential (Laﬁtte et al.,
006, 2007). Managed stress environments also allow genetic
dvance for Yw to be quantiﬁed (e.g., Campos et al., 2004), serve
o demonstrate the usefulness of particular traits (e.g., Campos
t al., 2004; Chimenti et al., 2002; Bänziger et al., 2006) and often
acilitate the measurement of the three elements of the Passioura
dentity. Testing of germplasm bearing possible advantageous traits Research 143 (2013) 18–33
across a range of naturally occurring water-scarcity levels against
check cultivars or sets of cultivars, as exempliﬁed in Richards et al.
(2007), also serves to demonstrate the usefulness of reputed traits.
The experience of inferred past gains in Yw through selec-
tion for yield in appropriate water-scarce environments, through
exploitation of genetic variability generated by appropriate cross-
ing programs, or via attempts to exploit physiological traits
discovered through serendipity (e.g., anthesis-silking interval in
maize, Campos et al., 2004) or following physiological reason-
ing (e.g., improved transpiration efﬁciency, TE, in wheat, Richards,
2006) all point to the fact gains are often fairly small in absolute
terms (except under extreme drought) and relative rates of advance
are not likely to be high. The yield gain, for example, from improved
TE varied from 0% in the most favourable environment to 11% in
the driest environment when contrasts were made in the same
genetic backgrounds (Rebetzke et al., 2002), although when the
contrast was made between high TE cv. Drysdale and low TE cv.
Diamondbird yield gains varied from 0 to 35% in wet and dry envi-
ronments respectively (Richards, 2006). For xylem vessel diameter
the yield increased by around 7% in the driest environment and
was neutral in the wettest environment (Richards, 2006). The CsbP
transgene in maize (Castiglioni et al., 2008) provided a 33% increase
in yield in the most stressful environment, tapering away toward
neutrality in the better ones. These numbers also serve to show
that gains will be strongly dependent on the intensity, duration
and timing of the exposure to stress (see below). Another impor-
tant lesson that has come out of all of these studies is that ﬂowering
time has a profound inﬂuence on yield under drought in all species
and that when germplasm is being contrasted then ﬂowering time
of each line tested must be quantiﬁed so that its inﬂuence can be
determined.
A great deal has been written about the use of transgenes or
over-expressed native genomic regions as tools to improve Yw,  but
there are few examples in the literature (e.g., Castiglioni et al., 2008)
in which adequate ﬁeld proof has been provided. Even in this case,
and given the often unique ﬁt between the mode of action of an
effective trait and nature of the target water availability regime,
we still need to know how the trait works and what its effects on
the elements of the Passioura identity are (Salekdeh et al., 2009).
3.2.  Frameworks and tools for increasing water-limited potential
yield
In  water-limited environments, the problem of increasing Yw is
even more complex than that of increasing Yp in unstressed envi-
ronments. Seasonal patterns of crop-available water vary between
environments and especially between years within environments
(e.g., Chapman, 2008). Understanding the resulting genotype by
environment interactions is essential to both the design of effective
selection strategies for genetic improvement of yield and for cor-
rect interpretation of results obtained in multienvironment trials.
A further dimension to this issue is that not all attributes that might
contribute to yield loss mitigation under water scarcity are equally
useful in all water-scarce environments (e.g., Richards, 2006). Addi-
tionally, the genetic architecture of the crop may  condition the
selection strategy that could lead to the optimum combination of
genes or traits for a given environment (e.g., Hammer et al., 2009;
Messina et al., 2009; Chenu et al., 2009; Messina et al., 2011). And
last, but unfortunately not least, the disconnect between many
attempts to isolate genes or genomic regions that might be of inter-
est as sources of yield loss mitigation under water scarcity and the
realities of crops growing in water-scarce ﬁelds has led, in too many
cases, to a focus on plant survival rather than on crop yield loss mit-
igation (e.g., Sinclair et al., 2004; Passioura, 2010) as an indicator of
tolerance to water scarcity.
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The Passioura framework has gained a great deal of acceptance
mong breeders and crop ecophysiologists working in water-scarce
nvironments (Richards, 2006) and, more recently, has been rec-
mmended in the context of molecular breeding (Salekdeh et al.,
009). Crop simulation models, combined with soil speciﬁcations
nd extended climatic records (e.g., Chapman, 2008) can provide a
obust quantitative biophysical diagnosis that will, in combination
ith the Passioura framework, contribute to the understanding of
rop responses to water-scarcity and help in the design of breed-
ng strategies (including the use of managed water supply regimes,
ampos et al., 2004) appropriate to given target environments. It
eems highly probable that progress in Yw can be achieved using
hese tools and framework, but the necessary investment in time,
xperimentation and research facilities for full implementation of
his strategy should not be underestimated.
In the context of opportunities and limitations for genetic
mprovement of Yw, a set of recent papers (Hammer et al., 2005;
essina et al., 2009, 2011; Chenu et al., 2009), based on the com-
ined use of process and genetic/breeding models, deserve special
ention. They aim to show how the combination of these two
ypes of models, given information about QTLs or genes linked to
otentially interesting traits, can help breeders navigate complex
ield-trait performance landscapes, break away from the one-trait-
t-a-time approach, and mitigate uncertainties linked to GxExM
nteractions when using markers for multiple traits. The likely
mpact of this strategy on the rate of improvement in Yw is hard to
ssess at this time, either because some details of the work remain
onﬁdential (Messina et al., 2011), because the authors have had
o use some plausible, but as yet unproven, relationships between
rocesses such as silk extension and its genetic control (Chenu et al.,
009), or because the information requirements (especially, phe-
otyping) are high. In spite of these restrictions, these papers serve
o illustrate the complexity (and likely slowness) of the way  for-
ard under water-limited conditions. Importantly, they also serve
s a reality check for proposals aimed at increasing Yp (Spink et al.,
009) through breeding aimed at improving crop radiation capture,
adiation use efﬁciency and HI.
Some private sector seed companies have relied on the use
f transcription factors or chaperones (isolated from the crop
pecies in question or originating in other species) to improve Yw
e.g., Nelson et al., 2007; Castiglioni et al., 2008; Edgerton, 2009).
esearch reported in this latter group of papers highlights the
otentially important issue that the physiological mode of action of
hese transcription factors is not reported, something which seri-
usly hinders an appreciation of the water-stress regime for which
hey might prove effective (cf. Hammer et al., 2005). More infor-
ative as to physiological mode of action, but further away from
esting in crop species, is the work on transgenes (e.g., Rivero et al.,
007) and transcription factors (e.g., Kasuga et al., 1999) that show
ome promise as sources of drought tolerance.
In summary, there are indications that genetic improvements
n Yw have been achieved in some (albeit not in all) systems by
election in multi-environment rainfed trials or managed stress
nvironments, and that there is or may  be potential for further
mprovement. There have been limited demonstrated incremental
ains in Yw using physiological traits and at least one transgenic
pproach seems to improve Yw in maize. The Passioura framework
as been shown to be a useful tool in assessing the mode of action
f some physiological traits, and crop simulation models (in com-
ination with long-term climatic records and soil information) can
rovide very important insights to guide the selection process. New
ools, such as the combined use of crop process and genetic mod-
ls show promise as aids to the improvement process but, at the
ame time, signal the need for moderating expectations given the
omplex interactions between speciﬁc traits, a highly variable sea-
onal water supply, and the genetic architecture of the crop. Based Research 143 (2013) 18–33 25
on  limited evidence, transgenes may  provide a further avenue for
improvement of Yw, but there needs to be a fundamental re-think
of this issue in order to focus research on yield loss mitigation
rather than plant survival or responses to unrealistic rates of stress
development when searching for potentially useful genes.
The  universe of suggested sources of genes/traits/genomic
regions  that might contribute to improved Yw is very large and
impossible to encompass in this review. We  have therefore decided
to evaluate root system capacity to capture water as a very impor-
tant trait (with relative impacts on Yw potentially as great as those
of bioengineered photosynthesis on Yp) that merits further assess-
ment (see Section 3.3). In addition, and because time (to 2050) is of
the essence, we review the history of past successes in using phys-
iological traits to improve Yw to provide some feeling for the time
needed between the identiﬁcation of a potentially useful trait and
its possible release in farmer-ready cultivars (see Section 3.4).
3.3.  Root system capacity for water uptake: a major target for Yw
improvement?
It is recognised that below-ground processes have largely been
neglected when considering ways to increase yield. This raises
the important requirement to better understand root systems and
what genetic opportunities may  be available to breeding pro-
grams to overcome the various constraints. When soil constraints
are remedied by management practices the root systems respond
dramatically resulting in improved yields and this suggests that
there are good prospects for directed genetic manipulation of root
systems resulting in higher yields. The best examples are the appli-
cation of both major and minor nutrients, seed dressings, rotations,
liming and the success of these are widely known. In addition,
changed management practices such as earlier sowing can also
dramatically improve root system function for nutrient and water
capture as the residency time for root systems is extended (Batten
et al., 1999; Lilley and Kirkegaard, 2011).
Almost all our crops are likely to be grown in soils which have
some constraint. These may  be soils which are too hard, too dry,
too saline, too acid, limited by nutrients or have soil-borne dis-
eases. Our knowledge of root system function and morphology in
soils is still in its infancy and so targets for genetic modiﬁcation
are not always clear. Once identiﬁed it is expected that the devel-
opment of effective selection methods will be challenging. There
are of course exceptions to this and there have been some notable
success stories. In wheat, for example, tolerance to acid soils is
enhanced by a gene responsible for the release of malate from the
roots (Delhaize and Ryan, 1995), for salinity the presence of sodium
exclusion genes in the roots (Dvorˇák  et al., 1994; Munns et al., 2012)
and genes for boron tolerance (Jefferies et al., 2000). Several genes
have been identiﬁed for tolerance to root cereal cyst nematode
(Ogbonnaya et al., 2001) and root lesion nematode (Williams et al.,
2002). For all of these examples molecular markers have been iden-
tiﬁed to improve selection in large breeding populations. Each of
these examples is expected to increase nutrient and water uptake
as a major limitation to these processes has been removed, and
thereby improve both the yield of biomass and of grain.
The  above examples are all associated with single identiﬁable
genes that affect a speciﬁc root system characteristic. Most root
system traits that affect root architecture and root function are
likely to be multigenic and hence much more difﬁcult to select
for and less amenable to marker assisted selection. A good exam-
ple of this is xylem vessel diameter in the seminal roots of wheat
referred to above. Although this trait has a moderate heritability
and can be selected for it is controlled by multiple genes each with
a small effect. Lynch and colleagues (Lynch, 2007) have successfully
selected for root traits that are multigenic to increase phosphorus
acquisition. Evidence for other root system traits that are expected
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o increase yield are hard to ﬁnd. Modelling suggests that deeper
oots and more effective root systems have contributed to increased
orn yields at higher planting densities in Iowa (Hammer et al.,
009), but Sinclair et al. (2010) found little indication of an equiva-
ent advantage in the case of soybean, underlining the fact that traits
eed to be assessed in the context of species and cropping system.
illey and Kirkegaard (2011) also show by modelling that breed-
ng wheat with deeper roots in south-eastern Australia should
ncrease water uptake and yield, but only in more favourable years.
anschadi et al. (2008) provide evidence that root angle of the
eminal axes of successful wheat varieties in Australia is associ-
ted with the pattern of rainfall. They found that varieties with a
igher angle of the seminal axis (less gravitropic) are more common
n regions expected to receive their most important rainfall during
he vegetative period whereas varieties with a narrow angle (more
ravitropic), are likely to be adapted to regions that are reliant on
eep water stored in the soil during grain ﬁlling. This also appears
o be the case for nodal roots in sorghum (Mace et al., 2012) and
ice (Kato et al., 2006).
The  difﬁculties associated with measuring root systems in the
eld means that surrogate shoot traits which may reﬂect what is
appening below-ground or are correlated with root growth can
e invaluable. A novel example of this is placing a herbicide deep
n the soil so as to select the genotypes which ﬁrst show herbi-
ide damage as these must have an ability to grow roots deep
nto the soil faster (Robertson et al., 1985). Other examples are
hoot vigour which is correlated with root vigour and root length
ensity (Liao et al., 2004; Richards et al., 2007), reduced tillering
n wheat – which is associated with more carbon allocation to
oots (Duggan et al., 2005; Richards et al., 2007), and a suite of
bove-ground traits may  reﬂect the ability to capture deep water
n the soil and so any one could be used for selection. The suites of
raits are: canopy temperature, stomatal conductance, green leaf
rea or carbon isotope discrimination (Lopes and Reynolds, 2010;
asson et al., 2012). The use of surrogate above-ground traits is
ot, of course, free of risks. For example, higher canopy tempera-
ures might be taken as an indication of a poor root water uptake
apacity, but lower stomatal conductance would produce a similar
ignal but help spread crop water consumption across the season,
nsuring enough water for grain ﬁlling (Richards, 2006; Zaman-
llah et al., 2011). Whether the hidden half of crops will provide
igniﬁcant opportunities for improvement in the future is correct
r not it would be perilous to neglect them at a time when the
vailability and cost-effectiveness of water and nutrients for crop
roduction is coming under increased scrutiny.
.4. Time from idea to farmer-ready cultivars. Some case histories
As with Yp (see Section 2.3), an issue that is often ignored in
he debate about how and how fast genetic improvement might
aise Yw, is the time required to progress from a putatively inter-
sting idea or a discovery to farmer-ready cultivars (i.e., ones that
eet all other requirements in terms of yield, product quality and
isease resistance) that incorporate the trait of interest. Here, we
ake a ﬁrst approximation to the issue by examining some past
ase histories (as distinct from the prospective analysis presented
n Section 2.3) for the use of physiological traits for improved Yw
ut also to extend this by looking at the time required to incor-
orate semidwarf genes into wheat for favourable environments
esulting in the Green Revolution and to incorporate herbicide and
isease resistance in sunﬂower using molecular tools.
A  great many physiological and molecular traits have been pro-
osed as a means to improve water-limited potential yield, and
nly a few of these (Richards, 2006) have actually progressed to the
roof-of-concept stage (deﬁned here as a convincing demonstra-
ion of yield loss mitigation under ﬁeld conditions representative of Research 143 (2013) 18–33
the water availability pattern that is being targeted), and even fewer
have been incorporated into farmer-ready cultivars. Depending
on the source of the trait of interest, the idea-to-proof-of-concept
stage  in this process can include identiﬁcation of donors of the trait
(or mutagenesis and screening), development of an understanding
of the mode of inheritance, development of an effective selection
method, and introgression of the trait into suitable test-bed lines
using backcrosses and recurrent selection aided by physiological
or molecular markers. Time required to complete this stage is a
function of trait complexity, inheritance mode, screen simplicity,
linkage drag, and money and efforts invested (serendipity has also
been known to come into the equation).
One of the ﬁrst conscious (as distinct from unconscious accu-
mulation of favourable traits through selection for yield in rainfed
environments) attempts to improve water-limited yield poten-
tial revolved around the rationing, by the plants, of the available
soil water during the growing season in order to ensure sufﬁcient
residual water to support grain-ﬁlling (Passioura, 1972). Initially
tested in large pots by restricting water uptake to a single sem-
inal root, this idea evolved into the use of genetic variability in
root xylem vessel diameter as a choke-point for water uptake. Vari-
ability for this trait and its heritability were explored by Richards
and Passioura (1981a,b); and the results of ﬁeld proof-of-concept
experiments (yield contrasts between two  cultivars and their recur-
rently selected narrow-xylem-vessel backcrosses across a range
of water availabilities) were published by Richards and Passioura
(1989). In this example, time from idea to proof-of-concept was 17
years.
Sinclair et al. (1987) discovered that di-nitrogen ﬁxation in soy-
bean was particularly sensitive to drought, a ﬁnding which led
to screening soybean lines for variability in sensitivity (Sall and
Sinclair, 1991; Sinclair et al., 2000), and the demonstration that
yield under water scarcity improved in less-sensitive lines (Purcell
and King, 1996). This was followed by a breeding program involv-
ing crosses between a low-sensitivity-to-drought donor and a high
yielding soybean line and selection of two  crosses which yielded
better than the high yielding parent under water-scarce conditions
(Sinclair et al., 2007) and the release of germplasm bearing the trait
(Chen et al., 2007). Simulation modelling (Sinclair et al., 2010) sug-
gests that this trait would produce yield beneﬁts in more than 85%
of year by region combinations in the US soybean-growing area. In
this case, the time from the initial discovery to proof of concept in
the ﬁeld was 20 years.
Farquhar  et al. (1982) demonstrated that discrimination against
C13 (carbon isotope discrimination, CID) was associated with low
transpiration efﬁciency (TE) of wheat, raising the possibility that
CID could be used to distinguish between varieties for TE, as well
as a trait which might be useful in mitigating early exhaustion of
soil moisture reserves in environments subjected to late-season
(for wheat) drought. Farquhar and Richards (1984) conﬁrmed this
linkage between CID and TE, leading to a breeding program that
demonstrated that the trait had good heritability and that lines
from backcrosses to existing commercial varieties had better yields
under drought in ﬁeld tests (Rebetzke et al., 2002). The ﬁrst com-
mercial variety bearing this trait was  released in 2002 (Drysdale),
with subsequent releases from 2004 onwards (Rees, Scout, and
Envoy) (Richards, 2006). In this case, time from the idea to the ﬁrst
farmer-ready variety took 20 years.
Maize breeders and physiologists had long recognised that
under drought conditions a delay in silking (i.e., the time between
pollen shedding by the tassel and silk emergence on the spike)
or anthesis-silking interval (ASI) was  negatively associated with
yield (e.g., DuPlessis and Dijkhuis, 1967; Jensen, 1971) and there
are indications that this trait was  one of several used in private
sector breeding for stress tolerance in the 1970s (G.O. Edmeades,
personal communication). However, the ﬁrst openly documented
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ttempt to use ASI, combined with other traits such as leaf elon-
ation, stay green and yield potential to form an explicit selection
ndex, in a selection program conducted in managed drought stress
nvironments is probably the one for tropical maize initiated in
975 at CIMMYT by Ken Fischer and colleagues. This led to the ﬁrst
ublished results by Fischer et al. (1989) (i.e., an idea to proof of con-
ept interval of 14 years), later expanded and conﬁrmed on the basis
f further work by Bolan˜os and Edmeades (1993, 1996). Although
IMMYT made improved tropical maize germplasm emerging from
his selection process available, there does not appear to have
een any documented cultivar releases. However, Bänziger and col-
eagues initiated a successful selection program for drought and
-stress tolerance in Zimbabwe in 1996 based on the CIMMYT-
exico experience (reviewed in Bänziger et al., 2006). This program
ed to the release, in 2000 (i.e., a proof-of-concept to farmer-ready
ultivar interval of 11 years) of Zm521, which was  rapidly adopted
n the region. This release has been followed by other drought-
olerant OPV’s and hybrids which have had an important regional
cceptance.
The above examples of the time required to progress from an
dea or discovery to farmer useable cultivars might overestimate
hese intervals because the research was not conducted on a full
ime basis. Nevertheless, each of the above traits are complex and
ontrolled by many genes and this will almost certainly extend the
ime from discovery to adoption. It is likely that complex traits will
e the norm for physiological traits that will improve Yw or Yp. It
s therefore of interest to investigate the time taken to introduce a
imply inherited trait into wheat that improves Yp for favourable
rowing conditions and the release of new varieties in south Asia.
he best example is the introduction of dwarﬁng genes into wheat
hich, together with better rust resistance, has become known
s the Green Revolution. Plant height has always been of major
mportance to wheat and rice breeders in favourable environments
s it is the main way to reduce lodging. Until about the 1950s
eight had generally been considered a trait that is controlled by
any genes each with a small effect. To manipulate it in breed-
ng programs requires large populations compared to a trait that
s controlled by a single gene that is easy to observe. Single genes
esponsible for plant height were not well documented in wheat in
he 1950s. However, breeders in Japan were using single genes to
educe plant height in the 1800s without knowing it. The discovery
f important wheat germplasm for height and its use in breeding
utside Japan, and also the meteoric rise in adoption of semi-dwarf
heats has been documented by Dalrymple (1978). Brieﬂy, Dr S.C.
almon collected seed from a range of short wheats in Japan in 1946
nd distributed them to seven breeding programs in the US. They
ere directly used in breeding by Dr Orville Vogel in Washington
tate University who was looking for ways to reduce straw length
ecause of the increased use of artiﬁcial fertilisers and problems
ith lodging. Dr Norman Borlaug at the Rockefeller’s International
heat Improvement Project in Mexico had exhausted sources of
warfness in breeding wheat and received seeds from Vogel in
953. The ﬁrst semi-dwarf variety was released in the US in 1961
nd in Mexico in 1962 where a shuttle breeding program was used
ith 2 generations of selection each year. Seed of the ﬁrst Mexican
heat arrived in India in 1962 and more in 1963 and the best of
hese were released as varieties in 1965. Thus, even for a simply
nherited and easily selected trait, recognised as having very high
alue under favourable conditions, it took 15 years from germplasm
dentiﬁcation to a new variety in the US and 12 years using a shuttle
reeding program for new varieties in India.
We draw on two further examples, neither of which relate
irectly to cereals or Yw, but which may  serve as minimum
stimates of the idea-to-cultivar release intervals. Both relate to
unﬂower, a species for which current breeding technology allows
–4 generations a year using embryo-rescue, and both relate to Research 143 (2013) 18–33 27
fairly  simple traits amenable to marker-assisted selection for the
trait in a context of genome-wide selection that ensures high value
agronomic traits are maintained in selected material after the intro-
gression of the trait of interest. In addition, in both cases proof of
concept is fairly simple (i.e., yes or no) under glasshouse or small
ﬁeld plot conditions, thus avoiding the need for testing over several
years and/or locations in the ﬁeld to ensure adequate exploration
of a range of environmental conditions. The ﬁrst example relates
to obtaining a herbicide-resistant mutant through mutagenesis
(screening is performed by spraying mutagenised seedlings with
herbicide) followed by development of a molecular marker and
introgression of the trait into elite parental lines (Sala and Bulos,
in press; Sala, personal communication). Time from formulation of
the initial development protocol to successful isolation of a resis-
tant mutant, determination of trait heritability and development
of a marker was  5 years, and another 4 years passed before the
ﬁrst hybrids bearing the trait were released to farmers. The second
example involves the introgression of resistance to verticillium wilt
(caused by V. dahliae), an important biotic challenge for sunﬂower
breeders (Creus et al., 2007). New resistance genes were identi-
ﬁed using inoculations under controlled conditions, and molecular
markers for these genes identiﬁed (Galella et al., 2012) and later
used in the introgression process. The time required to progress
from screening for sources of resistance to this and to other dis-
eases of sunﬂower through to the development of markers and
introgression of resistance traits into parental lines and release of
new, resistant hybrids has taken between 8 and 14 years, depend-
ing on the complexity of the traits involved (Zambelli, personal
communication).
Taken together, these case histories highlight the need to assign
adequate weighting to the time required to progress traits of inter-
est through development and testing and on to their incorporation
into farmer-ready cultivars. We  recognise that progress in the ﬁrst
three cases (narrow xylem vessels, drought tolerant di-nitrogen ﬁx-
ation, and CID) might have been faster if the research required had
been the exclusive focus of the researchers involved and possibly
if good molecular tools had been available to hasten introgres-
sion and production of converted cultivars. We also recognise that
future developments in the techniques of molecular breeding and
gene-to-phenotype models may  help shorten times to commercial
availability of new cultivars carrying the traits of interest. Never-
theless, the two  sunﬂower cases, in which molecular tools were
deployed and the number of generations per year that can be
achieved is high, suggest that, even under these conditions, the
process of trait identiﬁcation, development and testing may still
require a number of years.
4.  Current and future breeding and the breeders’ toolbox
4.1.  Requirements for successful breeding
It is pertinent to consider what the nature of plant breed-
ing is expected to be like in the future and whether the rate of
breeding progress for Yp and Yw is likely to be enhanced as new
enabling technologies become available and more widespread. This
is important as the time involved from initial cross to varietal
release in the majority of breeding programs where improved com-
binations of existing variation are being sought is often about 10
years. Conventional breeding will remain the mainstay of genetic
advances in crops in the next decades. Thus, the fundamental prin-
ciples and processes used today in breeding will almost certainly
remain. However, actual breeding methodologies will continue
to evolve and improve as they have over the last two decades
and new technologies to enhance breeding processes will be
implemented. Recent advances have centred on methodologies to
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mprove selection efﬁciency and speed to market and they include
he implementation of molecular markers for simply inherited
raits, more efﬁcient experimental designs and statistical data pro-
essing and more efﬁcient data capture among other things (Knapp,
998; Smith et al., 2005; Kuchel et al., 2007). In addition, new think-
ng on gene to phenotype models for complex traits linked to a
arget population of environments (Hammer et al., 2005) and to
ield-trait performance landscapes for agricultural environments
Messina et al., 2011) is also emerging which integrates the various
 omics with information management and crop growth models.
enetic engineering, where new genes are introduced using trans-
ormation methods, will continue to develop as new genes and gene
ombinations of value are identiﬁed. However, these genes/traits
ill be integrated into, and be dependent upon, a conventional
reeding program. In other words they will form part of the tool
ox of conventional breeders. Likewise it is expected that hybrid
echnologies will become more widespread in other crops as it has
or rice in the last decade leading to further advances (Yang et al.,
007). The breeding of parent lines for hybrid production will also
e dependent on a conventional breeding program.
The reason conventional breeding methods will remain the
ornerstone of crop improvement is that they effectively and efﬁ-
iently combine multiple traits together into a single new variety.
any traits contribute to yield and adaptation and these are most
ffectively selected in the target ﬁeld environment where large
opulations can be grown. Selection for highly heritable traits criti-
al for yield and adaptation such as height and ﬂowering time can be
ade in early generations and many other traits can also be visually
elected quickly and moderately effectively in the target environ-
ent. Such traits may  be leaf development, vigour, maintenance
f green leaves, canopy characteristics, synchronous reproductive
evelopment, size of reproductive organs, grain retention, lodging,
ollen development, kernel size, colour, etc. Most of these are con-
rolled by numerous genes most of which are unknown. Molecular
ethods have been of little value in these early segregating stages
hen very large populations are grown. In addition to selecting for
hese traits which may  be required for yield and yield stability is the
election for resistance/tolerance to as many pests, diseases and soil
onstraints as possible. Selection for many of these can also be made
isually in the target ﬁeld environment although specialised envi-
onments for selection may  sometimes be more effective. If they
re simply inherited then molecular markers may  be important for
ard to measure traits (Kuchel et al., 2007) in speciﬁc populations.
rain characteristics for some crops are vital for consumer accep-
ance and also for the industrial processes used to manufacture
cceptable food products, and these may  also need to be selected.
hese are also complex genetically and where they are important
hey will inevitably slow breeding progress for yield. In wheat, for
xample, to be suitable to manufacturers of bread or noodles, the
rain must give a high ﬂour yield, and have desirable properties
ssociated with water absorption, colour, colour stability, mixing
ime, extensibility, etc. as well as another suite of characters that
easure end product features. Many genes, each of small effect, are
ssociated with each of these characteristics (Li et al., 2009b).
It  is in this overall breeding process that GM technologies are
ntegrated so as to introduce new genes/traits into either hybrids or
nbred lines for commercial release. Thus, to be competitive and to
e accepted in the market place GM traits must be introduced into
arent lines that are derived from conventional breeding programs
nd these then become integrated into a standard breeding pro-
ram. Likewise, trait based breeding programs (e.g., Richards et al.,
010) where a trait responsible for improved yield, or provides tol-
rance to biotic or abiotic stress, or results in a more desirable end
uality, will also need to be tested in conventional breeding pro-
rams to assess their competitiveness and potential in the market
lace. Research 143 (2013) 18–33
The major technology changes heralded as revolutionary for
crop breeding in the last 3 decades have been the use of marker
assisted selection (MAS) and transformation technologies result-
ing in GM crops. Although MAS  has been important for some simply
inherited traits it has failed to be effective in breeding for complex
traits associated with yield, tolerance to abiotic and biotic factors
and grain quality (Bernardo, 2008; Xu and Crouch, 2008). For com-
plex traits multiple quantitative trait loci (QTL) each having a small
effect are usually identiﬁed which makes MAS for complex traits
almost impossible, particularly in variable environments, although
gene-to-phenotype modelling (Hammer et al., 2005) may  help to
mitigate this problem. Also, populations used for QTL identiﬁcation
are often not representative of breeding populations and so marker
implementation for complex traits may  not be effective.
Dramatic changes in recent years in the cost of DNA sequence
information, along with improved bioinformatic tools to inter-
rogate the sequence information, promises to further drive and
modify conventional breeding practices in the future. These
changes will inevitably expand our molecular horizons beyond the
use of single markers for genes with a large effect to complex traits
which are affected by many genes each with a small effect. Genomic
selection (GS) has been used very effectively in animal breeding
(Hayes et al., 2009) and has considerable potential in crops (Zhong
et al., 2009; Jannink et al., 2010). SNP chips for the main crops
are now available, the smallest being wheat with about 100,000
SNPs, and direct sequencing of germplasm is becoming widespread.
These provide the opportunity to use all the polymorphic mark-
ers to predict crop performance and crop characteristics and this
should enhance selection efﬁciencies. Genomic selection requires
a training sub-population upon which accurate phenotypic data on
yield and any other complex trait such as grain quality is obtained.
Genomic estimated breeding values can be determined from the
training population which is representative of the larger breeding
population and these breeding values are then applied to the breed-
ing population prior to any phenotypic evaluation (Zhong et al.,
2009). It is emphasised that phenotypic data that is both accurate
and repeatable will be critical so that the genomic information can
be utilised effectively.
Underpinning the value of all molecular information for use in
breeding is the importance and availability of fast and accurate
phenotyping (Hammer et al., 2005; Finkel, 2009; Richards et al.,
2010). The phenotyping component is the bottleneck to further
crop improvement as it is often difﬁcult, expensive, time consum-
ing, laborious and technically difﬁcult and it is often destructive.
In addition, in contrast to the genotype, the expression of the phe-
notype is subject to environmental and seasonal ﬂuctuations and
to genotype × environment interactions leading to a low repeata-
bility and heritability. This is not unique to plants as the same
problem limits progress in human medicine as well (Venter, 2011).
An important key to successful phenotyping is to correctly design
the screen used for phenotyping so that it mimics the target
environment. Application of crop simulation models to the cor-
rect characterisation of stress regimes can be a powerful aid (e.g.,
Chapman, 2008), and the use of carefully deﬁned managed stress
environments played an important part in the success of the selec-
tion index for ASI, stay green and other traits in improving tropical
maize Yw in Mexico and Zimbabwe (Fischer et al., 1989; Bänziger
et al., 2006).
Non-invasive technologies that measure plant form, function,
aspects of metabolism and content, often called phenomics, has
been touted as a way to overcome this bottleneck as measure-
ments are often fast, repeatable and accurate and can be automated
(Furbank and Tester, 2011). Nevertheless, a problem with much
of the phenomics activities so far is the emphasis on controlled
environments which, for most traits, rarely have relevance to the
real environments in the ﬁeld when the application is for breeding.
 Crops
H
m
o
i
s
t
n
t
a
a
s
c
t
c
t
i
u
a
c
a
a
t
q
t
i
n
n
p
C
4
a
p
n
c
s
o
a
t
a
c
w
p
i
p
T
n
c
i
u
c
o
i
c
o
t
e
t
r
e
B
r
oA.J. Hall, R.A. Richards / Field
owever it is not unrealistic to think that non-invasive measure-
ent of crop biomass, grain yield, grain nitrogen and grain moisture
f an entire breeding trial should soon be possible, thereby improv-
ng the efﬁciency of the selection process.
GM crops that have been commercialised have been remarkably
uccessful (James, 2011. Their success centres around the introduc-
ion of genes controlling the biochemistry of the plant to synthesise
ew chemical compounds (primarily Bt insect toxin) or to make
he plants tolerate applied alien compounds (glyphosate toler-
nce). These alterations allow multiple crop species to be defended
gainst a broad spectrum of insect pests and competition by weed
pecies. There is a tendency to believe that these remarkable suc-
esses in GM technology will continue and will readily translate
o new genes/traits which alter physiological or biochemical pro-
esses that inﬂuence yield or tolerance to abiotic stress. However,
his translation is unlikely. Most traits we may  wish to alter to
ncrease yield or tolerance to abiotic stress are complex and it is
nlikely that single genes will be important over a range of species
nd environmental conditions as we scale up from single plants to
rop canopies and beyond where seasonal conditions are variable
nd unpredictable. The underlying gene networks and pathways
re likely to dampen effects of single processes. Thus although GM
echnology will continue to be effective in altering end product
uality and tolerance/resistance to biotic factors it is very unlikely
hese technologies will result in signiﬁcant and widespread yield
mprovements directly as a result of a changed biochemistry. It is
oteworthy that of the 39 commercial releases of GM traits in 2008
one directly targeted yield or abiotic stress; rather traits are for
est resistance/tolerance or product quality (Stein and Rodriguez-
erezo, 2010).
.2.  Hindrances to progress
The  Green Revolution which commenced in the 1960s occurred
t a time when most agricultural research was  undertaken by
ublicly funded research organisations and germplasm and tech-
ology was freely exchanged between research partners and
ountries. During this time Intellectual Property (IP) was  not a
trong consideration in agricultural innovation. However, IP is now
f considerable importance to both public and private research
gencies to protect innovations required to increase food produc-
ion and to transfer technologies and germplasm to collaborators
nd between countries. IP protection has become important in
onventionally bred germplasm but its importance is exacerbated
here GM technologies are involved. As IP has become more
rominent in cultivar development there has been a correspond-
ng decline in public investment in plant breeding but an increased
rivate sector investment particularly in the developed countries.
hus, for the adoption of new varieties farmers in all countries
eed to adjust to the reality of the private sector having more
ontrol over seed distribution. Although this is unlikely to be an
mpediment in developed countries where hopefully it will speed
p genetic progress, it could be an impediment in developing
ountries (Lea, 2008). Nevertheless, where multiple technologies
wned by several agencies are used for cultivar development, as
s likely for most traits/genes in GM technologies, then delays in
ultivar release are likely because of regulatory issues. An example
f this is the release of Golden Rice, which used GM technology
o synthesise beta-carotene, a pre-cursor of vitamin A in the rice
ndosperm, which is expected to be of widespread health impor-
ance in rice dependent poor populations. Research on golden
ice commenced in 1992 with the ﬁrst ﬁeld trials in 2004 and the
xpected release of cultivars to farmers in 2013 (Al-Babili and
eyer, 2005; Potrykus, 2010). It is estimated that overcoming the
egulatory hurdles related to GM as well as the many patents and
rganisations involved has delayed the release of the ﬁrst cultivars Research 143 (2013) 18–33 29
by  at least 10 years (Potrykus, 2010). The stringent regulatory
requirements for the release of GM varieties is very costly and this
is also expected to be a major impediment to, or in many cases pre-
vent, the release of GM varieties. It is also likely to sideline public
agencies as they will be unable to meet these costs on their own.
The  time taken for the development and incorporation of new
traits for yield or abiotic stress into cultivars by conventional breed-
ers is also very slow as we outlined in Sections 2.3 and 3.4. In the
overall research and development required for cultivar release it
is likely that insufﬁcient attention or funding is provided for the
appropriate ﬁeld evaluation of traits and the development of suit-
able germplasm for breeders. This is a major impediment to the
adoption of a trait by breeders and hence delays or prevents cul-
tivar release to farmers. For breeders to select for another trait in
their breeding program they will ﬁrst want proof of concept that
the incorporation of the trait will result in an improvement in yield.
This usually requires demonstration that in germplasm appropriate
to their breeding programs (near-isogenic lines or large popula-
tions) there is an advantage when the trait is present. Once proven
breeders will also want a fast and effective selection method to
select for the trait and this may be either molecular markers or
a fool-proof phenotyping method. Both of these can take time to
develop and usually requires specialist skills (Richards et al., 2010).
In the public sector proof of concept and germplasm development
are often neglected, or do not happen as the required expertise for
this is not available or there is the belief that the breeders should
be responsible for it and so uptake of research results does not
happen. Furthermore, funding agencies often do not appreciate the
complexities and expertise required for adoption by breeders. This
disconnect between pre-breeding and breeding may signiﬁcantly
delay or prevent uptake of new traits/technologies by breeders.
An  often neglected factor that will be pivotal to achieving our
food production targets is the availability of new cohorts of agricul-
tural scientists trained in plant breeding, genetics, biotechnology,
crop physiology and agronomy. Decreased government investment
and support for agricultural sciences in our higher education sys-
tems have lead to reductions in crop research and shortages of
trained staff in agribusiness, consulting, natural resource manage-
ment and biosecurity. It is hoped that the global concern over food
security and the efﬁcient and equitable production and distribution
of food, together with concerns over the maintenance of important
ecosystems and natural resources, all of which are expressed in
both the popular and scientiﬁc media, will inspire a new generation
of young scientists.
5.  Conclusions
Genetic variation in each of our major food crops has been suc-
cessfully recombined by plant breeders over the last 100 years
to make consistent yield gains. Genetic improvement together
with better crop management resulted in the Green Revolution in
the 1960s leading to dramatic improvements in yield, particularly
under irrigation in developing countries, and in turn to food sur-
pluses and to cheaper food in the developed world. However, in
recent years there has been a frightening decline in global grain
stocks and, together with adverse weather conditions in some
regions, resulted in spikes in food prices (Koning et al., 2008) and
social unrest in some countries. This as well as a sharp increase
in fertiliser price and the concern over declining water resources
available to agriculture provided the wake-up call required for soci-
ety to realise that we  may  not be able to meet the global demand
for food and feed grain by the middle of this century. To meet
the demand for our major cereals, maize, wheat and rice, with-
out increasing food prices then global harvests have to increase
at an annual compound rate of between 1.16 and 1.31% y−1.
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n examining results from long term studies that have evaluated
lite genetic material and the best released varieties of maize,
heat and rice in well managed trials of historic sets of the best
arieties or hybrids in both water unlimited and water-scarce envi-
onments we could ﬁnd no examples that show current rates of
ncrease of Yp or Yw that are close to the 1.16–1.31% y−1 required
o satisfy projected demand for cereals in 2050. In fact a worrying
umber of cases of nil rates of increase of Yp or Yw were identi-
ed or suggested in various crop/environment combinations. These
ndings are broadly consistent with what has been found by others
e.g., Cassman et al., 2010) using subnational or national statistical
ecords, but the management factor adds some uncertainty to the
rue signiﬁcance of these observations.
Thus, in the challenge to progress Yp and Yw enough to meet
rojected demand for cereals by 2050, the timescales that have
merged are not a good basis for optimism. On the other hand,
he revolution in biotechnology, primarily the low cost of DNA
equence information and advances in recombinant DNA tech-
ologies, together with fast and non-destructive phenotyping and
omputational wizardry, have provided some optimism (Phillips,
010; Dunwell, 2011; Furbank and Tester, 2011). However, whilst
e can gain some useful insights thanks to these new tools, their
mpacts in terms of future yield gains and acceleration of the
reeding process are still uncertain. There also remain unexploited
pportunities for increasing Yp or Yw through targeted genetic
mprovement of the most important traits thought to limit yield.
n addition, the processes to identify important traits for differ-
nt regions have been improved by new tools to analyse seasonal
ariability and trait impact and these will provide a better focus.
here are several routes to improve Yp or Yw and a number of
andidate traits and genes are available. Here we identify photosyn-
hetic capacity and root system function as two which we  believe
ffers most promise in the future. A major consideration is that
ost of the important traits are genetically complex creating an
dded challenge. In addition, there prevails an unrealistic view of
he time taken to incorporate new traits into varieties for farmers.
n the case histories we considered of successful examples of trait
ntegration into breeding the timescale from initial research to the
elease of new cultivars to farmers or to proof-of-concept in elite
ermplasm was around 20 years. Even in those cases in which intro-
ression of fairly simple traits, governed by one or few genes, was
acked by the full strength of current molecular breeding tools, this
ime span was of the order of 10 years. Variety adoption by farm-
rs then occurs and this may  be rapid in the case of blockbuster
M traits such as glyphosate resistance and pest resistance (Bt) or
warﬁng genes in rice and wheat during the 1970s, but then longer
or hybrid rice in China today. Times are expected to be much more
radual for other traits. Regulatory requirements and IP consider-
tions are likely to add an extra level of uncertainty to the delivery
ime in the future.
Given  the above, it is extremely hard to be optimistic that the
urrent compound rates of progress in Yp and Yw will increase very
uch, if at all, in the near term even with the best methodologies
nd breeding programs. While this is obviously speculative, then
o too is the optimistic (naïve) alternative. Also, the uncertainty
nd doubt over whether transgenic approaches will be effective
apart maybe from bioengineering photosynthesis) and the very
ong gestation period from the development of a new or existing
rait to delivery in the form of new cultivars, leaves us with a very
essimistic view.
Whilst  it is important to say that increased investment in
esearch is going to be crucial just to maintain current rates of
mprovement, there is also an urgent need to focus on structural
ssues in the research, development and cultivar delivery chain, as
ell as on training a new generation of agricultural scientists. There
emains a large gap between scientists close to the molecular level Research 143 (2013) 18–33
of organisation and the realities that breeders, agronomists and
farmers have to face. Passioura (2010) strongly argues the need
to change the way that research is generally organised and the
important need to facilitate a culture of dialogue between scien-
tists of different disciplines. This in turn is likely to focus attention
on the most important and feasible approaches to crop genetic
improvement and in turn redirect some research activity into more
productive avenues. It should also enable a speedier transfer of
traits to breeders. An increasing amount of cultivar development
and delivery is through private companies and so private-public
partnerships will be increasingly important to coordinate and to
agree on mutually acceptable terms of engagement. The need
for increased research investment and for structural/sociological
change is clearly urgent if we  are to meet the projected demand for
food.
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